ABSTRACT In this paper, a novel graphene-based multiple-input multiple-output (MIMO) concept is proposed for high-rate nanoscale wireless communications between transceivers, which are nano/micrometers apart from each other. In particular, the proposed MIMO architecture considers exploiting a deep-subwavelength propagation channel made of graphene. This allows us to increase the number of transmitted symbol streams, while using a deep-subwavelength arrangement of individual plasmonic nanotransmit/receive elements in which the spacing between the transmitters and/or the receivers is tens of times smaller than the wavelength. This exclusive benefit is achieved with the aid of the phenomenon of graphene plasmons, where graphene offers the extremely confined and low-loss plasmon propagation. Hence, the proposed graphene-based MIMO system is capable of combating the fundamental limitations imposed on the classic MIMO configuration. We also present a novel graphene-specific channel adaptation technique, where the chemical potential of the graphene channel is varied to improve the power of the received signals.
I. INTRODUCTION
Recent advances in nanotechnology have enabled the development of nanoscale devices, which are expected to be the most basic units of nanomachines and nanoelectromechanical systems (NEMS) [1] . In order for these devices to accomplish further useful and complex tasks, it is necessary to incorporate a means of communications between them. This emerging research field is referred to as nano communications [2] - [5] . Promising applications include biomedical applications operated by in-vivo nanomachines, environmental monitoring aided by wireless nanosensor networks, and high-rate interconnects functioning inside computers [6] . For the efficient transmissions of electromagnetic waves, several nanoscale components have been developed, including nanoantennas [7] , carbon nanotube (CNT) transceivers [8] , [9] , self-powered nano-generators [10] and nanoscale field effect transistors (FETs) [11] , [12] .
Graphene is one of the most promising materials for nanoscale electronics [13] , and it has several unique characteristics. In particular, graphene plasmons provide a suitable alternative to metal plasmons, since extreme confinement and relatively long propagation distances are achievable [14] . Furthermore, electrical or chemical modification of the charge-carrier density allows dynamic tuning of the plasmon spectrum. For example, graphene was integrated into the nanogaps of coupled plasmonic antennas in order to achieve broad tuning of antenna resonance [15] . Similarly, in the previous study [16] a nanoantenna was composed of graphene, which is capable of operating at a lower frequency than its metallic counterpart. In [17] , a THz beamforming antenna was developed with the aid of a switchable highimpedance surface using a single-layer graphene.
In the field of microwave communications, the multipleinput multiple-output (MIMO) concept [18] , [19] has been extensively explored as an enabler of high-speed data transmissions. In MIMO systems, multiple antenna elements are typically utilized both at the receiver and transmitter. Multiple symbols are simultaneously transmitted from the transmit antennas in order to multiplex signals in the spatial dimension. Hence, in a MIMO scheme, an increase in the number of transmit and receive antenna elements allows a linear increase in capacity [20] . Owing to this benefit, the recent microwave communication standards [21] , such as long-term evolution (LTE) and WiMAX, have typically included the MIMO techniques.
In contrast, one of the fundamental limitations of MIMO systems is caused by the array configuration [22] , [23] . To be more specific, at both the transmitter and the receiver, the multiple antenna elements must be sufficiently separated such that the channels are uncorrelated. Otherwise the receiver will be unable to decompose and demodulate multiple signals multiplexed in the spatial domain. However, it is typically a challenging task to maintain uncorrelated channel components, i.e., to ensure that the antenna spacing remains larger than the order of one wavelength, especially in a scenario such as a mobile handset or a nano-circuit interconnect. Additionally, the MIMO scheme's achievable performance depends largely on the instantaneous channel conditions, and thus the maximum gain of the MIMO system is not necessarily attainable.
As a way of solving the above-mentioned problem associated with antenna spacing, the concept of subwavelength focusing was used in the design of MIMO communications [24] . In this arrangement, a far-field time-reversal mirror was used to build a time-reversed wave field that interacts with the lossy random medium to regenerate the propagating waves as well as the evanescent waves. Since these waves were designed to refocus below the diffraction limit, a focal spot of one-thirtieth of a wavelength was demonstrated in this arrangement. More recently [25] , antenna arrays composed of CNT were utilized for spectrally efficient MIMO transmissions in the terahertz band. In that scheme, the number of antenna arrays per area was designed to optimize the bundle size, while considering the effects of the fabrication tolerance.
Against this background, the novel contribution of this paper is that we propose the concept of graphenebased MIMO communication, where the nanoscale MIMO transmissions are enabled over the graphene-based deepsubwavelength channel. The unique benefits of our arrangement are as follows. The proposed graphene-based MIMO architecture makes it possible to attain the maximum achievable transmission rate, while combating its fundamental limitation of antenna spacing. More specifically, by exploiting the surface plasmon polaritons (SPPs) of a graphene channel, the effective wavelength becomes tens of times shorter than that experienced in free space, while achieving a significantly lower propagation loss than that found in a conventional study [24] . For our proposed system operating at a frequency of 10 THz, the size of a MIMO system is 30 times smaller than one in a conventional system. Furthermore, the gain of the graphene channel can be optimized by adjusting the chemical potential of the graphene. Hence, graphene-specific characteristics provide additional degrees of freedom in the design and contribute to maximizing the achievable rate. 1 The remainder of this paper is organized as follows. In Section II we provide an extensive review of related literature. In Section III we propose a novel graphene MIMO architecture and discuss the effects of the SPPs, while in Section IV we discuss the capacity of the proposed scheme as well as the achievable performance. Finally this paper is concluded in Section V.
II. REVIEW OF RELATED WORKS A. MINIATURIZATION OF MIMO DEVICES
In this section, the literature review is carried out for miniaturization of MIMO devices, especially for those of antenna arrays. The system arrangement of a MIMO system differs depending on the targeted gain attainable by an antenna array. In particular, the functions of MIMO techniques may be classified into four categories [26] , [27] , i.e., spatial-multiplexing, diversity, beamforming, and space-division multiple-access techniques. As mentioned in Section I, our main focus of this paper is on spatial multiplexing [28] , [29] , where multiple independent signal substreams are transmitted from different transmit antenna elements at the same frequency and within the same time slot, therefore the corresponding transmission rate is multiplied by the number of transmit antennas.
The capacity of spatial-multiplexing MIMO systems largely depends on the rank of the (N × M )-sized channel matrix [30] , where M is the number of transmit antennas and N is the number of receive antennas. More specifically, the MIMO channels are characterized by the fading and correlation properties [31] , and hence the propagation channel represents major parameters that impact the achievable system performance. This indicates that a rich multipath environment and a low correlation contribute to the beneficial gains achievable by the MIMO technique [32] .
Traditionally in the field of microwave communications, a compact array configuration has been required, since space of a mobile handset is limited. However, antenna elements typically need to be spaced by more than a half wavelength λ 0 /2 in order to have suitable isolation and low correlation between the elements. Here, λ 0 represents a free-space wavelength. Small spacings between the antennas lead to unignorable mutual coupling, which typically reduces the efficiency of the antennas. Consequently, the signal-to-noise ratio (SNR) is degraded and the signals at the antennas are correlated [33] . In order to evaluate the performance of MIMO systems using a compact array, the associated framework, system model and theoretical limit were presented [33] , [34] . In particular, a framework to analyze compact arrays for MIMO is presented in [33] , where the effects of mutual coupling between small-spacing antennas are taken into account. Furthermore, in [34] the theoretical limitations of denselypacked MIMO antenna elements into small volumes were examined, while considering the area and geometry constraints based on the combination of antenna theory and with observations from spatial channel measurements. In order to minimize the size of an antenna array of MIMO while maintaining a low antenna correlation and mutual coupling between the antenna elements, the effects of mutual coupling and a matching network on the performance of compact MIMO systems have been investigated [35] , [36] . In [35] capacity of MIMO systems with closely spaced antenna elements was investigated. The authors concluded that as the channel-measurement results of 4-by-4 MIMO system at 5.2 GHz, the capacity remains large even if antenna spacing is as low as λ 0 /5. In [36] the effect of matching network on the performance of wide-band MIMO systems was considered.
Moreover, the diverse compact array arrangements have been proposed [24] , [37] - [41] and a range of major contributions on the subject of the array miniaturization and related techniques are listed in Table 1 . In [37] , a cubic structure with integrated planar antenna elements has been developed for MIMO applications, where the cube has many antennas mounted on them, each of which is fed by a different port so that isolation between ports is desirable. In particular, the side length of the antenna array for a spatial-multiplexing MIMO system was reduced to λ 0 /20 from the conventional size of a half-wavelength array λ 0 /2. In [24] , the authors proposed subwavelength focusing of independent substreams on different receive antenna elements in the context of indoor MIMO systems. More specifically the random lossy medium is employed near the receive antenna array in order to generate subwavelength evanescent waves. Additionally, far-field time-reversal signal processing is operated for refocusing decomposed signal streams to the receive antennas. Consequently, the resultant antenna spacing is as low as λ 0 /30, although the propagation loss of the evanescent wave is considerably high.
As above-mentioned, the miniaturization factor of the previous compact MIMO arrays was in the range of ten to thirty. In contrast, our proposed graphene-based MIMO concept has the potential of reducing the effective wavelength by the factor of 30 to 100. Hence, a further more compact array configuration is attainable.
B. GRAPHENE PLASMONS
We next present a brief overview of graphene plasmons. Surface plasmons are electromagnetic waves that propagate along the surface of a conductor, conventionally a metal, via the interaction with the free electrons of the conductor [43] , [44] . Noble metals such as silver and gold are widely used for the excitation of surface plasmons at a subwavelength scale in the visible and infrared regions. However, the propagation length is limited due to the large ohmic loss and the propagation is hardly tuned.
Graphene is a single layer of carbon atoms in a hexagonal lattice and significant progresses have been made over the past decade to reveal unique properties of graphene and find potential applications since the experimental discovery in 2004 [13] . Charge carriers can travel thousands of interatomic distances without scattering and their motilities exceed 200,000 cm 2 ·V −1 ·s −1 [45] - [47] . Graphene may be described as a zero-gap semiconductor and can be doped to high values of carrier concentrations at ambient conditions. Thus, surface plasmons propagating along a graphene layer exhibit the extreme confinement while attaining low-loss propagation. As the result, graphene plasmons accomplish an approximately 10 times more confinement effect and approximately 100 times more propagation length than those of conventional surface plasmon propagations at the silver/silicon interface in the infrared regime [48] . Moreover, graphene plasmons are widely controlled by tuning the chemical potential of graphene. Particularly, external voltage control of the chemical potential enables optoelectronic devices. For example, graphene-based modulators exhibit compact footprint due to the strong interaction with light and ultrafast modulation [49] , [50] . Graphene-based field-effect transistors are expected to find radio-frequency applications due to the extremely thin channel as well as the excellent carrier transport property [51] , [52] . In addition, extensive works on efficient photodetectors have been reported [53] - [55] .
The optical conductivity ρ of graphene consists of the intraband and interband contributions and is given with the chemical potential µ, as follows [56] :
where
and e is the charge of an electron, k b is the Boltzmann constant,h is the reduced Planck constant, and ω is the angular frequency.
The graphene plasmon of the free-standing graphene sheet is characterized by the dispersion equation [48] :
and β is the lateral wavenumber of graphene plasmons, k 0 is free-space wavenumber, and 0 is the freespace permittivity. Therefore, (1)-(4) are the fundamental equations, which characterize the graphene channel. Most recently, it has been discovered that graphene plasmons are highly reflected at the graphene edge [57] . Also, similar characteristics were found to be attained with the aid of graphene gap on a stepped silicon carbide substrate [58] , defects [59] , and grain boundaries [60] . From the viewpoint of communication application of graphene, this may enable the generation of a rich multipath environment, hence potentially having the merit of attaining an uncorrelated MIMO channel, as mentioned in Section II-A. The proposed graphene-based MIMO system shown in Section III is designed to fully exploit this low-loss reflection effect, in addition to those of the deep subwavelength and the low-loss propagation.
III. MIMO USING GRAPHENE
In this section the schematic of our graphene-based MIMO system is firstly introduced. We then discuss the mechanisms of the deep-subwavelength effects that are specific to graphene in an analytical manner.
A. SYSTEM MODEL
We consider a MIMO system, where (M = 2) individual plasmonic nano-sources and (N = 2) plasmonic nano-receivers are implemented in order to excite the SPP wave on a single graphene layer, as shown in Fig. 1 . For simplicity, we will assume in the analytical model that the plasmonic nanosources and receivers are infinitesimal and excite graphene plasmons, i.e., ideal point sources, as commonly employed in the related studies [61] , [62] . The effects of graphene plasmons allow us to attain the primary advantage of our system: deep-subwavelength scaling in a MIMO system, in which the effective wavelength is tens of times smaller than that in free space. Note that this deep-subwavelength effect varies depending on the chemical potential of the graphene. The graphene plasmons are reflected at the edge of the graphene sheet due to the large impedance mismatch between graphene and air [57] . Graphene plasmons are characterized by low-loss propagation, and our analytical model has a multi-reflection environment. Consequently, the proposed system experiences a sufficiently high number of multi-paths to ensure that the channels are uncorrelated; this is beneficial to a MIMO system. Furthermore, the chemical potential of the graphene can be dynamically tuned by an external voltage source, e.g., between the graphene sheet and the doped silicon substrate, as shown in the inset of Fig. 1 . This enables us to adaptively tune the wavelength of the graphene plasmon. Thus, the MIMO system presented here can tune the wavelength in order to avoid the drops in the received power that occur in multi-reflection environments; this is the second advantage of the proposed graphene-based arrangement. In Section IV, free-standing graphene [6] will be used in a numerical investigation of the effectiveness of the MIMO system.
B. PROPAGATION CHARACTERISTICS OF GRAPHENE PLASMONS
The graphene plasmons are tightly confined in the graphene layer, as shown in Fig. 2(a) ; the magnetic field distribution of VOLUME 2, 2014 the graphene plasmon propagation was obtained by using the CST Microwave Studio [63] . More specifically, in our simulations, each plasmonic nano-transmitter/receiver is modeled as a line source [61] , [62] for the excitation of SPPs. Note that the graphene is modeled as a thin dielectric layer [6] . In (1), we assume that the electron scattering lifetime is τ = 0.5 ps [47] , [64] , [65] , and the temperature is T = 300 K. Therefore, the plasmon wavelength is at the deep-subwavelength scale. When the chemical potential is set to 0.3 eV, the plasmon wavelength is λ 0.3eV = 337 nm at the design frequency of f 0 = 30 THz (λ 0 = 10 µm). This implies that the wavelength is shortened by a factor of (10 × 10 −6 )/(337 × 10 −9 ) 30.
The dispersion characteristic is calculated based on (1) and (3) in order to obtain the complex wavenumber β. Figs. 2(b) and (c) show the effective wavelength and the propagation loss, respectively, where the real part of the wavenumber β corresponds to the effective wavelength, while the imaginary part of β represents the propagation loss. We see in Fig. 2(b) that graphene plasmons can be widely tuned by changing the chemical potential. Considering that the corresponding wavelength in free space is λ 0 = 10 µm, the ratio of the effective wavelength of graphene over λ 0 is from 14 to 50 in the range of chemical potentials shown in Fig. 2(b) . Moreover, observe in Fig. 2(c) that graphene plasmons had a low-loss profile, in the range of less than 2 dB/µm, when the chemical potential was higher than 0.3 eV. This is a unique advantage of graphene plasmons, since other deep-subwavelength techniques [24] , [66] In Fig. 3 , we present the results of using CST Microwave Studio to numerically investigate the electromagnetic field distributions and scattering parameters of the 2-by-2 MIMO system. We began the investigation with the parameters shown in the caption of Fig. 1 . The positions of the two transmit plasmonic nano-sources are given by (x, y) = (−340, −220), (−250, −400), while those of the two plasmonic nano-receivers are (420, 280) and (240, 370). Fig. 3(a) shows the intensity distribution of the electric field at a distance of 2 nm from the graphene surface and with a chemical potential of 0.3 eV. This multi-reflection environment with reflections at the graphene edges results in standing waves. When the chemical potential is varied from 0.3 eV to 0.34 eV, the electric field intensity has a different profile and a longer wavelength of λ 0.34eV = 386 nm. These results verify the second advantage: nulls in the received power can be avoided by tuning the chemical potential of the graphene. Note that this channel adaptation technique based on varying the chemical potential is not limited to the case of Fig. 3 . Rather, it can be readily applied to an arbitrary arrangement of plasmonic nano-transceivers in order to assist in the recovery from fading-induced deterioration.
IV. CAPACITY AND RESULTS
In this section, we evaluate our proposed graphenebased MIMO scheme in terms of channel capacity, which characterizes the maximum achievable limit of a communication system. Note that channel capacity takes into account the effects of channel correlation in the MIMO systems, hence it is an appropriate performance metric for our graphene-based MIMO scheme capable of solving the problem of a channel correlation. The instantaneous maximum capacity of a MIMO system is given by [22] 
where M is the number of transmit plasmonic nano-sources, γ represents the received SNR, I ∈ R M ×M is the M -size identity matrix, and H ∈ C N ×M is the channel matrix, where the element in the nth-row and the mth column corresponds to the channel coefficient between the mth transmit plasmonic nano-sources and the nth plasmonic nano-receivers. Note that a performance close to this capacity limit (5) is typically achievable when using one of the powerful channel coding schemes [19] , such as a turbo code or a low-density parity check (LDPC) code.
FIGURE 4.
Instantaneous maximum capacity of our 2-by-2 graphene-based MIMO system. The system parameters used in the simulations were the same as those in Fig. 3(a) . We also plotted the capacity curves of two benchmark schemes, i.e., 2-by-2 MIMO scheme without using graphene and the single-input single-output (SISO) scheme using graphene. Fig. 4 shows the instantaneous maximum MIMO capacity of our graphene-based MIMO scheme, employing (M = 2) transmit and (N = 2) plasmonic nano-receivers. The system parameters were the same as those used in Fig. 3(a) , i.e., the chemical potential was 0.3 eV, and the spacing D between the plasmonic nano-transmitters/receivers was set to D = 201 nm. We also plotted the capacity curve of two benchmark schemes, i.e., the 2-by-2 MIMO scheme without using graphene and the single-input single-output (SISO) scheme using graphene. Observe in Fig. 4 that the proposed 2-by-2 graphene-based MIMO scheme achieved twice higher maximum capacity than that of the single-transmitter and receiver counterpart; this is one of the explicit benefits of the spatial-multiplexing MIMO technique. 2 In contrast, the capacity curve associated with the 2-by-2 MIMO without using graphene exhibited a low capacity, which was similar to that of the SISO system. This is because the antenna spacing of the benchmark MIMO scheme in free space was as low as D/λ 0 = 0.02 wavelength due to the absence of SPPs, and hence it had a significantly high correlation. Fig . 5 shows the effects of transmitter (receiver) spacing D on the capacity limit at the received SNR = 20 dB, while also plotting the value of the channel correlation. Here, we assumed for simplicity that the distance D between the (M = 2) plasmonic nano-sources was equal to that of the (N = 2) plasmonic nano-receivers, and hence the channel correlation in Fig. 5 corresponds to either the transmitters or the receivers. Moreover, in the simulations we used the theoretical correlated Rayleigh fading channels according to [23] . It can be seen in Fig. 5 that upon increasing the transmitter (receiver) spacing D, the capacity of our graphene-based MIMO scheme is considerably increased until it approaches the expected capacity at around D = 100 nm. By contrast, the capacity of the conventional free-space MIMO system remained close to that of a single-transceiver. This is because the SPP effects of the proposed scheme allowed us to achieve a wavelength that was approximately 30 times shorter, hence resulting in low correlation between the plasmonic nano-transmitters (receivers).
In our simulations, we assumed ideal point sources for the plasmonic nano-transmitters. This assumption allowed us to focus our attention on the demonstration of the novel nanoscale MIMO concept using the graphene propagation channel. Hence, our novel finding is not limited to a specific antenna array configuration, but is readily applicable to any types of nanoscale antenna systems. For example, the existing nanoantennas [3] , [7] would be promising candidates. The potential efficiency loss of a plasmonic nanoantenna element typically reduces the channel capacity shown in Fig. 4 , resulting in a simple leftward shift of the capacity curve. Additionally, coupling between the plasmonic nanoatenna elements in free space may increase the channel correlation and reduce the channel capacity. The more elaborate development of such antenna arrays is an open issue.
V. CONCLUSIONS
In this paper, we proposed a graphene-based MIMO, which is capable of combating the conventional MIMO's essential limitations regarding spacing between individual plasmonic nano-transmitters (receivers). One of the benefits of using graphene is that by varying its chemical potential, the received power of the MIMO receiver may be increased. Our simulation results demonstrated that at a frequency of 10 THz, the MIMO transceiver size is approximately 30 times smaller than that required by conventional methods.
